We formulate the Gamow shell model (GSM) in coupled-channel (CC) representation for the description of proton/neutron radiative capture reactions and present the first application of this new formalism for the calculation of cross-sections in mirror reactions 7 Be(p, γ) 8 B and 7 Li(n, γ) 8 Li. The GSM-CC formalism is applied to a translationally-invariant Hamiltonian with an effective finiterange two-body interaction. Reactions channels are built by GSM wave functions for the ground state 3 2 − and the first excited state 1 2 − of 7 Be/ 7 Li and the proton/neutron wave function expanded in different partial waves.
I. INTRODUCTION
The description of nuclear structure and reactions in the unified theoretical framework is the long-standing challenge of nuclear theory. The attempts to reconcile the shell model (SM) with the reaction theory [1, 2] inspired the development of the continuum shell model (CSM) [3] which evolved into the unified of theory of nuclear structure and reactions [3] [4] [5] [6] [7] .
Structure of weakly bound states and resonances is different from the well-bound states. A comprehensive description of these systems goes beyond standard configuration interaction model such as the SM and requires an open quantum system formulation of the many-body system. Such a generalization of the standard SM to describe well bound, weakly bound and unbound manybody states is provided by the Gamow shell model (GSM) [8] [9] [10] . GSM offers the most general treatment of couplings between discrete and scattering states. The manybody states in GSM are given by the linear combination of Slater determinants defined in the Berggren ensemble of single particle states which consists of Gamow (resonant) states and the non-resonant continuum.
In this formulation, GSM is the tool par excellence for studies of the structure of bound and unbound manybody states and their decays. For the description of reactions, the GSM has to be formulated in the CC representation. Recently, the GSM-CC has been applied for the calculation of excited states of 18 Ne and 19 Na, excitation function and the elastic/inelastic differential crosssections in the 18 Ne(p, p ′ ) reaction at different energies [11, 12] . In this work, we apply the GSM-CC formalism for the description of low-energy radiative capture reactions: 7 Be(p, γ) 8 B and 7 Li(p, γ) 8 Li. In light nuclei, GSM-CC can be applied also for the description of nuclear reactions in the ab initio framework of the no-core GSM [13] and to heavier projectiles like the α-particle.
The solution of solar neutrino problem is passing through an understanding of the 7 Be(p, γ) 8 B proton capture reaction.
8 B produced in the solar interior in this reaction, is the principal source of high energy neutrinos detected in solar neutrino experiments. At the solar energies ( ∼ 20 keV), this cross-section is too small to be directly measurable. For this reason, the theoretical analysis of this reaction is so important. On the other hand, whenever the measurement is feasible (E CM > 150 keV), the exact value of the capture cross section depends: (i) on the normalization obtained indirectly from the 7 Li(d, p) 8 Li cross section and, (ii) on the model dependent extrapolation of measured values of the crosssection down to the interesting domain of solar energies.
Proton radiative capture reaction on 7 Be is of particular importance in astrophysics since it is involved in the pp-II and pp-III reaction chains. Indeed, the relative rates of the 7 Be(e − , ν e ) 7 Li reaction and the 7 Be(p, γ) 8 B reaction determine the pp-I/pp-II branching ratio, and thus the ratio of the neutrino fluxes coming from 7 Be and 8 B [14] . 7 Be(p, γ) 8 B reaction has been studied experimentally by the direct proton capture [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] and the Coulomb dissociation of 8 B [26] [27] [28] [29] [30] . Theoretical approaches used to describe this reaction include the potential model [31] , the R-matrix approach [32, 33] , the shell model embedded in the continuum (SMEC) [34] , the microscopic cluster model [35] , and the approach combining the resonating-group method and the no-core shell model [36] .
7 Li(n, γ) 8 Li reaction is the mirror reaction of 7 Be(p, γ) 8 
B.
7 Li(n, γ) 8 Li reaction cross section at very low energies provides the essential element of rapid process of primordial nucleosynthesis of nuclei with A ≥ 12 in the inhomogeneous big-bang models [37] [38] [39] [40] . Indeed, in the inhomoge-Center-of mass (CM) excitations in SM wave functions are removed using Lawson method [50] [51] [52] . In the Gamow shell model (GSM), this method cannot be used because Berggren states are not eigenstates of the harmonic oscillator (HO) potential. To avoid spurious CM excitations in GSM wave functions, the GSM Hamiltonian is expressed in the intrinsic nucleon-core coordinates of the COSM [49] :
where N val is the number of valence nucleons, M c is the core mass, and: 1 µ i = 1 M c + 1 m i , is the reduced mass of the i-th nucleon. The single-particle potential U c (r) which describes the field of the core acting on each nucleon, is a sum of nuclear and Coulomb terms. The nuclear term is given by a Woods-Saxon (WS) field with a spin-orbit term [9] . The Coulomb field is generated by a Gaussian density of Z c protons of the core [9] . V (⃗ r i −⃗ r j ) in (1) is the two-body interaction which splits into nuclear and Coulomb parts. As in the standard SM, adding and substracting a one-body mean-field U (r i ) to the core Hamiltonian and the two-body interaction, respectively, allows to recast the GSM Hamiltonian in the form:
where the potentialÛ basis generates the s.p. basis, the kinetic term is writtenT and the residual interaction is given byV res .
In the present studies, we use the Furutani-HoriuchiTamagaki (FHT) finite-range two-body interaction [53, 54] :
The central potential V C ij is:
where r is the distance between particles i and j, β C n is the range of gaussians, P σ and P τ are the spin exchange and isospin exchange operators, respectively, and W 
where ⃗ L is the relative orbital angular momentum between the two particles and ⃗ S = ⃗ s i + ⃗ s j where ⃗ s i , ⃗ s j are the spins of particles i, j. The tensor potential V T ij writes:
where
and ⃗ σ i , ⃗ σ j are the Pauli matrices. The Coulomb potential in the FHT interaction is standard.
It is convenient to rewrite the FHT interaction using projection operators on singlet and triplet states of spin and isospin:
where π σ s , π σ t are the projection operators on singlet and triplet states of spin:
Eqs. (13) have the same form for projection operators π 
, where ζ stands for superscripts 'C', 'SO' and 'T', which are given in Refs. [53, 54] . In this work, we adjust the coupling constants V ζ aa ′ in Eqs. (10) (11) (12) , where a and a ′ are indices of either singlet (s) or triplet (t) states.
B. The coupled-channel equations
Nuclear reactions can be conveniently formulated in the CC representation of the Schrödinger equation. The first step to derive the GSM-CC equations is to expand the GSM eigenstates in the complete basis of channel states { c⟩} ≡ { c proj ; c targ ⟩} which contain information about the structure of the target and the projectile. Indices c proj and c targ denote the sets of quantum numbers associated with the projectile and the target, respectively. The nuclear reaction is then described by the relative motion of target and projectile nuclei and the channel parameters, like angular momenta of the target and the projectile and quantum numbers of the target internal excitations. In the following discussion, the heavy reaction participant is called a 'target' and the light one a 'projectile'. Obviously, the formulation of reaction theory in the GSM-CC approach does not depend on this arbitrary choice of labels.
The antisymmetric eigenstates of GSM-CC equationŝ
whereÂ is the antisymmetrization operator, can be expanded using the channel basis states:
In the above equation, ⟨r, c Ψ⟩ are the antisymmetrized channel wave functions: Ψ c (r) ≡ ⟨r, c Ψ⟩ ≡ u c (r)r. Hence:
GSM-CC equations are obtained by inserting (15) in the Schrödinger equation and then projecting this equation on a given channel basis state ⟨r ′ , c ′ . One obtains:
where:
and
are the Hamiltonian matrix elements and the norm matrix elements in the channel representation, respectively.
C. Channel states expansion in the Berggren basis
In the present studies, any target state c targ ⟩ is an antisymmetrized state of A − 1 nucleons:
Slater determinants SD (A−1) i ⟩ are built using a complete set of single-particle states of the Berggren ensemble which includes both resonant states and complex-energy scattering states. Berggren ensemble is generated by the single-particle potentialÛ basis acting on the valence nucleons. This ensemble is also used to generate the states of the projectile: (20) where φ rad i ⟩ and c proj ⟩ are radial and angular parts, respectively. In this expression, l is the orbital angular momentum of the nucleon, s its spin, j is the total angular momentum and m j its projection. Hence, the basis state r, c proj ⟩ of a projectile can be written as:
where u i (r) r = ⟨φ rad i r⟩. Using Eq. (21), one can write the channel basis states as:
D. Hamiltonian matrix elements
Matrix elements of the Hamiltonian H c ′ ,c (r ′ , r) and the norm N c ′ ,c (r ′ , r) can be derived using the expansion (22) which allows to treat the antisymmetry in the projectiletarget system. In practice, only a finite number of Slater determinants contribute significantly to the target state and thus the antisymmetry between the low-energy target states and the high-energy projectile states can be neglected in most cases. The high-energy terms correspond to the channel basis states with high momentum k or high-i indices i > i max , where i max depends on the considered channel c. Hence, the expansion (22) can be splitted into low-and high-energy parts:
where N is the number of discretized continuum states and i max is the index from which the antisymmetry effects are neglected. Equivalently, Eq. (23) can be written as:
where r⟩ ⊗ c⟩ and φ i;cproj ⟩ ⊗ c targ ⟩ stand for nonantisymmetrized states. In this particular case (i ≥ i max ), the GSM Hamiltonian (2) splits intoĤ proj andĤ targ terms acting on projectile states φ i;cproj ⟩ and target states c targ ⟩, respectively. Moreover,
Matrix elements of the Hamiltonian:
and of the norm:
are evaluated using the expansion (24) . In the calculation of sums in Eqs. (27) and (28), four cases have to be considered. In the first case: i < i max and i ′ < i max , the matrix elements are calculated in terms of Slater determinants to take into account the antisymmetry. In the second and third cases: i < i max and i 
where k 2 ctarg = 2µE ctarg ̵ h 2 and the channel-channel coupling potential V c ′ ,c (r ′ , r) is given by:
In the same way, for N c ′ ,c (r ′ , r) one obtains:
E. Orthogonalization of the channel states
The CC formalism leads to a generalized eigenvalue problem because different channel basis states are nonorthogonal. The non-orthogonality of channel states comes from the antisymmetry between the projectile and target states. To formulate GSM-CC equations as the generalized eigenvalue problem, one should express Eq. (16) in the orthogonal channel basis { r, c⟩ o }:
The transformation from the non-orthogonal channel basis { r, c⟩} to the orthogonal one { r, c⟩ o } is given by the overlap operatorÔ such that: r, c⟩ =Ô 1 2 r, c⟩ o . The CC equations (16) written in the orthogonal basis are:
The transformation of this generalized eigenvalue problem into a standard eigenvalue problem is achieved with a substitution: Φ⟩ =Ô Ψ⟩. One obtains:
In the nonorthogonal channel basis, these CC equations become:
is the modified Hamiltonian. Matrix elements ofĤ m are calculated using the expansion (24) as described in Sec. II D. In order to have a more precise treatment of the antisymmetry in the calculation of matrix elements ofĤ m , we introduce a new operator ∆:Ô − 1 2 =∆+1, which is associated with the part ofÔ
acting on the low-energy channel states. Then, instead of calculating the matrix elements ofĤ m directly, it is possible to calculate them as: (38) In this formulation, the non-antisymmetrized terms are taken into account exactly with the identity operator. Inserting (38) in CC equations (37) and replacing matrix elements ⟨r ′ , c ′ Ĥ r, c⟩ using (29) and (30), one obtains the CC equations for the reduced radial wave functions w c (r) r:
with the local potential V (loc) c (r) = U basis (r) which may depend on the channel c, and the non-local potential:
The radial channel wave functions u c (r) r are then obtained from the solutions of Eq. (39) using the equation:
F. Solution of the GSM-CC equations CC equations (39) contain a non-local potential which has to be treated using a generalization of the method of the equivalent potential [12, 55] . The basic idea is to find the equivalent local potential V 
and a corresponding source term is:
F c (r) in Eqs. (42), (43) is the smoothing function:
to cancel divergences of the equivalent potential V is the asymptotic form of w c (r) when r ∼ 0. Typically, the value of α varies in the interval 10 < α < 100.
With these substitutions, the GSM-CC equations (39) become:
Eqs. (45) are solved iteratively to determine the equivalent potential, the source term, and the mutally orthogonal radial wave functions w c (r). Starting point for solving these equations is provided by a set of radial channel wave functions {w c (r)} obtained by the diagonalization of GSM-CC equations (37) in the Bergen basis of channels. Diagonalization of CC equations in the Bergen basis was also considered in Ref. [56] . Note that it is numerically more convenient to express the potential V 
III. THE RADIATIVE CAPTURE PROCESS
We now discuss the calculation of proton/neutron radiative capture cross sections using the antisymmetrized initial and final GSM wave functions. The differential cross section for a proton or neutron radiative capture can be calculated from the Fermi golden rule, which relates the cross section to the matrix elements of a transition operator between an initial state i⟩ of energy E i and a final state f ⟩ of energy E f . The differential cross section is given by:
In the above expressions, k γ (in units of fm −1 ) is the linear momentum of the emitted photon:
is the electromagnetic coupling constant, k (in units of fm −1 ) is the linear momentum of the incoming proton in the CM reference frame, µ u c 2 (in MeV) is the reduced mass of the total system of A nucleons, s is the spin of the proton, J targ is the total angular momentum of the target, P = ±1 is the polarization of the photon, L and M L are the multipoles and multipole projections of the photon
is the Wigner D-matrix depending on the angular variables θ γ and ϕ γ of the photon, andM L,M L is the electromagnetic transition operator. The final state f ⟩ corresponds to the GSM-CC state Ψ f (J f , M f )⟩ of a total angular momentum J f and a projection M f . The initial state i⟩ has a fixed value of the total angular momentum projection M i and is denoted Φ i (M i )⟩:
where Ψ i (J i , M i , c e )⟩ is the initial GSM-CC state with a total angular momentum J i and an entrance channel quantum numbers c e . Each set of quantum numbers c e corresponds to a different channel c. This state can be expressed in the channel basis as:
Thus, the differential cross section (in units of fm 2 ) writes:
A. Calculation of many-body matrix elements of the electromagnetic operators
The main difficulty in the calculation of matrix elements comes from the infinite-range of the electromagnetic operators and the antisymmetry of the GSM-CC states. Indeed, direct calculation of these matrix elements in the Berggren basis is not possible because they diverge even using the exterior complex scaling method.
If one neglects antisymmetry in the channel state r, c⟩:
then the overlap between a bound state or a narrow resonance and a scattering state converges using the exterior complex-scaling method. In the above expression, J targ,c is the angular momentum of the target in a channel c with a projection M targ,c , l c is the orbital momentum of the projectile, s c its spin and j c its total angular momentum with a projection m jc . The antisymmetry between the target and the projectile can be neglected only at large distances because the probability that the one-body state of the projectile is occupied by the target nucleon is the lower the smaller is the target density. In this case, the action of a given operatorÔ
can be defined by considering target nucleons as distinguishable from the projectile nucleons:
The first sum acts only on target nucleons whereas the second term acts on a projectile. Obviously, this approximation is not valid for a target in the continuum state. The calculation of matrix elements of the electromagnetic operators goes as follows. The matrix elements are expressed as the sum of a non-antisymmetrized (nas) part and its complement:
The calculation of this complement is achieved by separating the operatorÔ L into a short-range partÔ L < and a long-range partÔ L > . Then the symmetrized and antisymmetrized matrix elements write:
At large distances, the antisymmetry is not crucial and thus the matrix element
The remaining term is basically a short-range part which can be expanded in the HO basis. One obtains: 
The antisymmetrized matrix elements ⟨Ψ f Ô L Ψ i ⟩ HO in Eq. (55) are obtained by expressing Berggren basis states in the HO basis. In this case, the reduced radial wave functions u c (r) can be written as:
where u n ⟩ is the radial HO state and the channel state r, c⟩ can be expressed as:
. Hence, the CC representation of initial and final states in HO basis is:
and the antisymmetrized matrix elements of the electro-magnetic operator are:
HO expansion is hereby justified by the fact that the target states are localized. The last many-body matrix element in Eq. (55):
nas , is calculated using Eqs. (56) and (57) and replacing u c (r) by u HO c (r) (see Eq. (58)).
IV. RESULTS OF GSM-CC CALCULATIONS FOR THE
GSM-CC calculations are done in COSM coordinates but the radiative capture cross section is expressed in the CM reference frame. The initial energy is:
and E (COSM) T are the total energy, the projectile energy, and the GSM target binding energy, respectively. All energies are calculated in the COSM coordinate system. The link between the projectile energies in COSM and CM reference frames is given by:
where k
proj is the linear momentum of the projectile. Energy conservation implies that the final energy is:
is the compound system binding energy in the COSM frame of reference, and E γ = k γ ̵ hc is the photon energy which does not depend on the chosen reference frame.
Resonances in the spectrum of a composite A-nucleon system correspond to the peaks in the radiative capture cross section at the CM energy: The cross section for a final state of the total angular momentum J f is:
and the total cross section is thus:
In practice, one often shows the astrophysical factor:
which removes the exponential dependence of the cross section at low energies due to the Coulomb barrier. η in (65) is the Sommerfeld parameter: η = (mZ 1 Z 2 ) ( ̵ h 2 k), where Z 1 and Z 2 are the proton numbers of the projectile and target nuclei.
A. Parameters of GSM calculations in 7 Be and 8 B
The model space in 7 Be and 8 B is limited by the core of 4 He. The core is described by a WS potential (see Table  I) mine Berggren ensemble, one calculates first the singleparticle bound and resonance states of the basis generating WS potential for all chosen partial waves (l, j). Then, for each (l, j), one selects the contour L + lj in a fourth quadrant of the complex k-plane. All (l, j)-scattering states in this ensemble belong to L + lj . The precise form of the contour is unimportant providing that all selected single-particle resonances for a given (l, j) lie between this contour and the real k-axis for R(k) > 0. For each (l, j), the set of all resonant states and scattering states on L + lj forms a complete single-particle basis. In the present case, valence nucleons can occupy the 0p 3 2 and 0p 1 2 discrete single-particle states and several non-resonant single-particle continuum states on discretized contours:
. Each contour consists of three segments joining the points: k min = 0.0, k peak = 0.15 − i0.14 fm −1 , 
B. The astrophysical S-factor for
7 Be(p, γ) 8 
B reaction
The description of electromagnetic transitions requires effective charges for proton and neutron. For E1 transitions, the standard values are [57] :
where Z and A are the proton number and the total number of nucleons, respectively. The standard values for E2 transitions are:
There are no effective charges for M1 transitions. In the present work, we use these standard values for E1 and E2 effective charges. One should keep in mind however, that the effective charges extracted experimentally show often significant deviations from the standard values [58] . Proton separation energy in the ground state of 7 Be is S p = 5. (Fig. 1) , S M1 for M1 transitions (Fig. 2) , and S E2 for E2 transitions. The solid lines in Figs. 1-3 show results of the fully antisymmetrized GSM-CC calculations with both ground and first excited states of the 7 Be target included. The dashed line in these figures correspond to GSM-CC calculations neglecting the 1 2 − first excited state in 7 Be.
There is no resonant contribution in E1 transitions. Including the first excited state of the target lowers S E1 by less than ∼ 5% for E CM < 2.5 MeV. On the contrary, the M1 contribution to the S-factor increases significantly in the region of 1 + 1 resonance if the the excited state of the target is included (see Fig. 2 
The calculated total S-factor is compared with the experimental data [21, 25] in Fig. 4 . Below E CM = 1 MeV, the agreement with the data is good if both the ground state of 7 Be and its first excited state are included. The value of the S-factor at zero energy, S GSM−CC (0), is 23.214 b⋅eV and the slope, ∂S ∂E CM ECM=0 , is 37.921b. The accepted experimental value of the S-factor is 20.9±0.6 b⋅eV, slightly below the GSM-CC results.
At higher energies, GSM-CC results overshoot the experimental data. This feature could be due to the absence of higher lying discrete and continuum states of 7 Be target in the channel basis. Indeed, in the present case, GSM and GSM-CC calculations with uncorrected channel-channel coupling potentials V c,c ′ do not give the same spectra and binding energies of 7 Be and 8 B and the small multiplicative correction factors are necessary.
The long wavelength approximation simplifies the calculation of matrix elements of the electromagnetic transitions. The quality of this approximation and the role of the antisymmetry of initial and final states is tested in Figs. 5 and 6 . Only the ground state of 7 Be is taken into account. To correct GSM-CC calculations for the missing channels in this case, the channelchannel coupling potentials V At low energies (E CM < 1.5 MeV), both the long wavelength approximation and the antisymmetrization in the calculation of E1 transition matrix elements does not change results significantly (see Fig. 5 ). Both approximations become worse at higher energies but even at E CM = 2.5 MeV the error is only ∼ 10%.
The astrophysical factor for M1 transitions is shown in Fig. 6 . The antisymmetrization of the initial and final states lowers the value of S M1 by a factor ∼ 2 at the resonance peaks. The long wavelength approximation does not change S M1 . cleons occupy 0p 3 2 and 0p 1 2 discrete single-particle states and non-resonant single-particle continuum states on discretized contours:
. Each contour consists of three segments joining the points: k min = 0.0, k peak = 0.15 − i0.14 fm −1 , − first excited state in 7 Li. Including the first excited state of the target lowers E1 contribution to the neutron radiative capture cross-section by ∼ 20% for E CM < 1 MeV.
The M1 contribution to the cross-section increases by ∼ 25% in the region of 3 + 1 resonance if the excited state of the target is included (see Fig. 8 ). One can see that the calculated 3 + 1 resonance is at the experimental value of energy: E CM = 0.223 MeV.
E2 transitions contribute very little to the neutron radiative capture cross section. The E2 contribution is three orders of magnitude smaller than E1 and M1 contributions. The role of the excited state of the target is very important. It increases the contribution from E2 transitions by a factor ∼ 3 in the region of 3 + 1 resonance. At the 1 + 2 resonance, the excited state enhances the E2 contribution by about one order of magnitude. The calculated energy of this resonance is lower than seen experimentally.
The total neutron radiative capture cross section is compared with the experimental data [59] in Fig. 10 . GSM-CC calculation underestimates the data of Imhof et al [59] . The extrapolation of the calculated neutron radiative capture cross section at low E CM is done using the expansion:
which yields: σ The long wavelength approximation and the role of the antisymmetry of initial and final states in the calculation of matrix elements of the electromagnetic transitions is tested in Figs. 11, 12 . Only the ground state of 7 Li is taken into account in these tests. To correct GSM-CC calculations for the missing channels in this case, the channel-channel coupling potentials V and final states in the calculation of E1 transition matrix elements does not change results significantly (see Fig. 11 ). Also M1 transition matrix elements are insensible to the long wavelength approximation (see Fig.  12 ). On the contrary, the antisymmetrization is essential, decreasing the M1 contribution to the neutron radiative capture cross section by a factor ∼ 4 in the region of 3
resonance.
VI. CONCLUSIONS
The GSM in the coupled-channel representation opens a possibility for the unified description of low-energy nuclear structure and reactions using the same Hamiltonian. While both GSM and GSM-CC can describe energies, widths and wave functions of the many-body states, the GSM-CC can in addition yield reaction crosssections. Combined application of GSM and GSM-CC to describe energies of resonant states allows to test the exactitude of calculated cross-sections for a given manybody Hamiltonian.
In this work, we have presented in details the GSM in the coupled channel representation and applied it for the description of the low-energy proton and neutron radiative capture processes on mirror targets 7 Be and 7 Li, respectively. The interaction between valence nucleons in this calculation was modelled by the finite-range twobody FHT interaction.
The convergence of GSM-CC calculations has been checked by comparing GSM and GSM-CC results for 8 B and 8 Li states. In a given single-particle model space, the GSM-CC calculation with the reaction channels which are constructed using selected many-body states of the target nucleus ( 7 Be or 7 Li in our case), can be considered reliable if the GSM-CC eigenvalues for a combined system ( 8 B or 8 Li in our case) approximate well results of a direct diagonalization of the GSM Hamiltonian matrix in the same single-particle model space. In such a case, the configuration mixing in GSM-CC and GSM wave functions are equivalent and one does not need to include additional states of the target nucleus to reach the manybody completeness in GSM-CC calculation. Only in this case, the unified description of nuclear structure and reactions with the same many-body Hamiltonian and the same model space is reached. In the studied case, the GSM and GSM-CC spectra were close but not identical so the small renormalization of the channel-channel coupling potentials was necessary to compensate for the missing channels made of the higher lying discrete and/or continuum states of the target.
There are two important aspects in this GSM-CC calculations which have been studied carefully. The first one is the antisymmetry of initial and final states in the calculation of matrix elements of the electromagnetic operators. It was found that the antisymmetry is crucial in M1 transitions in the region of resonances. At energies of astrophysical importance, the error introduced by neglecting the antisymmetry is however small. The second aspect is the role of the excited state 1 2 − of the target. At E CM ∼ 0, the radiative capture cross sections in 7 Be(p, γ) 8 B and 7 Li(n, γ) 8 Li reactions are slightly impacted by the excited state of target. However, in the region of resonances and at higher energies the excited 1 2 − 1 state in 7 Be and 7 Li turns out to be crucial. As compared to 7 Be(p, γ) 8 B reaction, the 7 Li(n, γ) 8 Li reaction is less sensitive to the first excited state of the target but more sensitive to the antisymmetry of initial and final states in the calculation of matrix elements of electromagnetic transition operators. The long wavelength approximation in the transition matrix elements changes mainly the E1 contribution to the radiative capture cross section.
Appendix A: Matrix elements of the electromagnetic transition operators
The matrix elements related to electric and magnetic transitions will be considered with and without longwavelength approximation. The operators involving the exact and approximate electromagnetic field can be found in Ref. [60] , whose matrix elements can be derived straightforwardly from the Wigner-Eckhart theorem and standard manipulations of gradients of spherical harmonics coupled to angular momenta [61] . The opera-
where i runs over all considered nucleons and⃗ l i and⃗ s i are the orbital and spin angular momenta, respectively. In
(Ω) is a spherical harmonics, S L is the Ricatti-Bessel function,r i , Ω i are radial and angular coordinates of the nucleon i, and ⃗ u ri =⃗ r i r i . Moreover, e i is the dimensionless charge of the nucleon i (e i = 1 for a proton and 0 for a neutron), g s i is the dimensionless magnetic spin moment of the nucleon i (g s i = 5.5857 for a proton and -3.8263 for a neutron), m p c 2 (in units of MeV) is the mass of the proton, and g l i is the dimensionless magnetic orbital momentum of the nucleon i times L + 1 (g l i = 2 for a proton and 0 for a neutron). In the long wavelength approximation, the expressions (A1) and (A2) become:
Eqs. (A1)-(A4) have been written in such a way that only one-body operators appear in each summation. Matrix elements of these operators are calculated in a standard way using the Wigner-Eckhart theorem.
